A reaction scheme is proposed to account for the liberation of 4-benzylaniline from 4-benzylaniline hydrochloride using chlorobenzene as a solvent and at a temperature of 373 K.
Introduction
Polyurethanes have wide application in society, being used in such diverse areas as the automobile, furnishing and surface coating industries. 1 They may be prepared from isocyanates, which are typically obtained by the phosgenation of aromatic amines in the presence of chlorobenzene as a solvent. 1 In this case, a carbamoyl chloride is formed initially, which subsequently decomposes to form the desired isocyanate, Equations 1 and 2. However, hydrogen chloride is released at each stage and undergoes a side reaction with aromatic amine starting material to form an unwanted hydrochloride salt, Equation (3) .
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Cl RNH HCl RNH The amine hydrochloride precipitate is highly insoluble in the reaction medium and, unless treated, could lead to a significant yield loss within the process. However, the precipitate reacts slowly and endothermically with phosgene to produce the desired isocyanate, Equation The processing of the amine hydrochloride precipitate constitutes a resource intensive process, 1,2 so an improved understanding of the decomposition of the hydrochloride salt (the back reaction of equation 3) is appropriate and could lead to improvements in the efficiency of the isocyanate production process; this issue is examined in the present work.
Previous work by Gibson et al has reported on the structural and spectroscopic characteristics associated with the hydrochlorination of 4-benzylaniline 3 and 4,4′-methylenedianiline 4 in chlorobenzene. Badawi has recently analysed the structure and vibrational spectra of 4,4′-methylenedianiline. 5 The work of Gibson et al showed the dissolution of hydrogen chloride gas in chlorobenzene required rigorous mixing and, even then, it was only sparingly soluble. A kinetic model is proposed to account for the trends observed experimentally with the open reaction system. Moreover, these actions lead to an improved understanding of a pathway within the complexity of industrial scale phosgenation process chemistry. Our interest in the behaviour of HCl coincides with the development of high specification
Scheme 1 hereabouts
Deacon catalysts, that facilitate the inter-conversion of HCl in to Cl 2 . 6 In principle, chlorine so-produced could be exploited to produce phosgene, thereby helping to close the chlorine cycle. 
Experimental
Samples of solid 4-benzylaniline hydrochloride, 4-BA.HCl (s) , were prepared and characterized by 1 H NMR and FTIR spectroscopy as described previously. 3 M.p. = 453 K, consistent with a previous report 3 and thermal gravimetric analysis showed negligible mass loss below 403 K. Thus, in order to maximise 4-BA.HCl solubility whilst avoiding the possibility of thermal decomposition of the starting material, dissolution measurements in chlorobenzene (b.p. = 415 K) were performed at 373 K. Numerical fitting routines were configured within the Origin graphical software package (OriginLab Corporation, Version 7.5). The reference compound 4-benzylaniline (Alfa-Aesar, purity 98%) was used as received; m.p. = 313 K.
Dissolution studies
Reactions were performed within a fume cupboard using a Radley's Carousel 6 reaction station (Radley's Discovery Technologies) with 25 cm 3 flasks and a head space above solution of 75 cm 3 . The carousel housed 6 reaction vessels, each treated to identical mixing (baffled flasks and cross-shaped stirrer bars) and temperature conditions. Each reactor was connected to a condenser unit. Continuous mixing was maintained at all times at a rate so as to sustain a vortex in the liquid phase that facilitated vigorous exchange between the gas/liquid and solid/liquid interfaces.
Two reactor configurations were adopted. Firstly, for operation in a 'closed' configuration, the reactor was sealed and liquid samples were extracted for analysis by means of a syringe sampling through a PTFE septum. This arrangement prevented gaseous hydrogen chloride from leaving the reaction environment, i.e. liquid plus headspace. Secondly, for an 'open' configuration the septum was simply removed from the top of the reactor, so that any gaseous hydrogen chloride would be irreversibly exspelled from the reaction medium. The use of the glass insert ensured no interaction between the deuterated solvent and the reference material with the reaction mixture. Spectroscopic measurements undertaken using a variety of pulse lengths and delays between successive pulses confirmed relaxation effects were not perturbing spectral intensity. 8, 9 Experiments were performed at least in duplicate, with the datasets presented here being representative of all measurements.
Blank experiments were performed using solutions of 4-BA at concentrations comparable to the saturation limit of 4-BA.HCl. Occasionally, one of a set of six measurements would display a minor discontinuity in intensity, attributed to instabilities in the phase matching of the solvent suppression program. 9 Peak intensities were determined by integration of the relevant spectral features. Resonances of the -CH 2 -and -NH 2 groups appeared at 3.76 and ≈ 3.0 ppm respectively. The latter resonance was relatively broad, indicating a degree of exchange with protonic material. Infrared spectroscopy has shown the presence of a small number of water molecules to be inherently present in the chlorobenzene solvent; 3 thus, it is assumed that exchange between these highly dispersed water molecules and the amine groups 
Results

3.1
The Closed System Figure 1 shows the 1 H NMR spectrum of 4BA.HCl (s) in chlorobenzene at 373 K as a function of time and shows a sequential growth in intensity of the CH 2 resonance at 3.76 ppm. No signal due to a NH 2 resonance at ≈ 3 ppm 3 is observed in any of the spectra. Calibration measurements using the integrated intensity of the methylene resonance of 4-BA indicate the spectral acquisition conditions used here yield a detection limit 0.01 mmol dm -3 . From Scheme 1, the CH 2 resonance could correspond to the combined concentration of 4-BA (solv) and 4-BA.HCl (solv) , whereas the NH 2 resonance represents solely 4-BA (solv) . It is assumed therefore that the CH 2 signal represents exclusively 4-BA.HCl (solv) for the spectra presented in Figure 1 . The solid line in Figure 2 represents a least squares fit of the CH 2 resonance data to Equation .
It is concluded that closed conditions do not favour the efficient liberation of 4-BA.
The Open system
In the open configuration, septa at the top of each of the six reactors were removed, so that any gaseous material, specifically HCl (Scheme 1), released in to the headspace above the HCl is sparingly soluble in chlorobenzene 1, 3, 12 but in a closed system there will be a fixed concentration of HCl (solv) that will constrain equilibrium K 2 (Scheme 1). Thus, as evidenced in Figure 2 , a closed system permits only a minor dissolution of the hydrochloride salt. In the open system employed here, HCl that partitions into the vapour phase is extracted from the system. Under these conditions, the dissolution rate is independent of time and exhibits zero order kinetics.
The data points at 23 h in Figure 4 are less intense than that implied by the trend line for the 
Kinetic analysis
Development of a kinetic model
Although the kinetics for consecutive reactions displaying first order kinetics are well described, 10 the situation for consecutive mixed order reactions is less well documented. An exception is the work of Ball, who has derived expressions for a first order first stage process followed by a zero order process. 13 However, to the best knowledge of the authors, no complete derivation is readily available for a consecutive process that proceeds via zero order kinetics but is then followed by a first order process. Consequently, a model is presented From the zero order part of Equation 15, the following expression holds:
Integrating and applying the initial condition (A = A 0 at t = 0) we get
until A = 0. If t′ is the value of t when A = 0, t′ = A 0 / k 1 . 
The rate of formation of B until t = t′ is a competition between its formation from
Application of kinetic model
Using the solutions for the differential equations for this consecutive reaction sequence, . This quantity is plotted in Figure 5 as a dashed line and displays reasonable correspondence to the experimental dataset. Overall, Figure 5 shows The kinetic parameters presented in Table 1 The rate coefficients presented in Table 1 corresponds to the range of concentration of B max determined for a duplicate set of measurements.
Discussion
Primarily because of their role in pharmaceutical science, there is a general interest in the solubility of hydrochloride salts and their dissociation in various solvents. 15, 16 Further, the solubility of aniline hydrochloride in protic solvents has been studied because of links to the manufacture of anhydrous magnesium chloride, which has application as a precursor for the production of magnesium metal produced by electrochemical methods. 17 As noted above, it is assumed that the driving force for Scheme 2(b) is the entropically favoured formation of gaseous hydrogen chloride. Tentatively, it is presumed that this process results in a free energy change sufficient to overcome the favourable enthalpic term associated with the tight ion pair of the solvated hydrochloride salt. In the absence of this free energy change, the limited solubility of 4BA.HCl in chlorobenzene prevents the liberation of 4-BA, as witnessed in a closed reactor configuration.
Conclusions
A reaction scheme has been proposed from this laboratory study for the liberation of 4-BA from 4-BA.HCl (s) in chlorobenzene at 373 K. Solution phase 1 H NMR spectroscopy is used to analyse the composition of the liquid phase as a function of time. The main results may be summarized as follows.
• In a closed reaction configuration, where evolved HCl from the dissociation of (19) and (20) 
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